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Abstract 
The representation of geological heterogeneities and their impact on mineral trapping during CO2 storage was 
examined using TOUGHREACT. A series of simulations with increasing degrees of geological complexity were 
constructed and input parameters associated with different rock types were varied within reasonable ranges. Grid 
spacing was refined to determine the sensitivity of the models to grid size. Initial results indicate that the use of 
realistic relative permeability and capillary pressure input parameters for heterogeneous rock types have a significant 
effect on the extent of mineral sequestration due to the control relative permeability and capillary pressure have over 
the distribution of CO2 and pH. Significant numerical dispersion can occur when heterogeneities are represented by 
single grid layers. 
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1. Introduction 
Geological storage in deep saline aquifers involves injecting CO2 as a supercritical fluid, which is 
immiscible and less dense than the surrounding formation water.  The CO2 can become trapped in one of 
several mechanisms, including: containment by structural or stratigraphic traps; as residual gas; dissolved 
and speciated in the aqueous phase; or precipitated as carbonate [1,2]. The mobility of multiple fluids 
depends on the distribution of porosity and permeability within the aquifer, and on capillary pressures [3], 
relative permeability [4] and mineral composition [2]. In natural systems, these physical and chemical 
parameters vary within and between different rock types leading to geological heterogeneities at multiple 
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scales [3-5]. However, heterogeneity is often oversimplified in numerical models, either due to a lack of 
data or to increase computational efficiency. The same input parameters describing relative permeabilities 
and capillary pressures are often used, sometimes for very different rock types [6]. Grid spacing is often 
coarse, leading to faster simulation times but a decrease in numerical accuracy. Previous studies have 
investigated the sensitivity of plume development, CO2 dissolution and convective mixing on grid 
discretization and residual saturation [6, 7] but further work is required to investigate the coupling of 
these processes with CO2-water-rock interactions. This study provides insight into how the representation 
of geological heterogeneities in numerical models affects the extent of CO2 trapping over various time 
scales.  Methods including discrete versus gradual progression into areas of heterogeneous rock types, 
continuous versus discontinuous layering and internal structures are evaluated.  Grid spacing is refined to 
determine the sensitivity of the models to grid size and whether findings are reflective of heterogeneities 
in the real system or attributable to numerical dispersion. 
2. Methodology 
A series of reservoir scale, two-dimensional multiphase flow and reactive transport models were 
generated. Simulations were conducted using the multiphase reactive geochemical transport code 
TOUGHREACT [8].  Model reservoirs have a thickness of 125 m and a lateral extent of 10 km. No-flow 
boundaries were assigned to the top and bottom of the model. Radial discretization was used and CO2 
injection was simulated in the bottom left cell at a rate of 30 kg/s for 20 years. The bottom right cell was 
assigned a fixed pressure. Post-injection was simulated for an additional 80 years. Simulations were 
isothermal with an initial temperature, pressure and salt mass fraction of 75°C, 20 MPa and 0.03, 
respectively. Changes in porosity were related to permeability with the cubic law relation. Characteristic 
curves based on the van Genuchten model [9] were used to describe the relative permeability and 
capillary pressure of the system. The curves require specification of capillary entry pressures (Pe), 
residual (immobile) saturations of water and CO2 (Slr and Sgr) and a parameter (m) describing the 
behavior of the fluids when both are mobile [9]. Rock types and geological complexities were added to 
the top 100 m of the reservoir model. Physical and chemical parameters associated with common rock 
types were varied within reasonable ranges, based on data and correlations obtained from the literature [3-
5]. Simulations using material-specific relative permeability and capillary pressure input parameters were 
compared to those using the same generic parameters for each rock type (Table 1).  
Table 1. Example of rock-specific hydrogeologic parameters used in the simulations. Acronyms are explained in the text. 
Lithology Porosity   (%) 
kh     
 (md) 
kv      
(md) 
Relative Permeability Capillary Pressure 
m Slr Sgr Pe (Pa) Slr m 
Sandstone 25 500 250 0.7 0.15 0.2 6.53E3 0.03 0.41 
Siltstone 12 1 0.1 0.41 0.27 0.5 1.01E5 0.2 0.33 
Generic - - - 0.457 0.3 0.05 1.96E4 0 0.457 
Mineralogy for each rock type was based on compositions previously used in reactive transport 
simulations [6]. The sandstone is based on a poorly cemented subarkosic sand comprised primarily of 
quartz with minor plagioclase, potassium feldspar, calcite and minor diagenetic chlorite coating detrital 
grains. The siltstone has a higher percentage of reactive minerals and is comprised predominately of 
quartz, mica, kaolinite, plagioclase, chlorite, potassium feldspar, siderite and calcite [6]. 
3. Preliminary Results and Discussion 
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Generic relative permeability and capillary pressure input parameters result in a higher 
percentage of CO2 to leak through the siltstone and reach the cap rock (Figure 1a). Material-specific input 
parameters decrease the mobility of CO2 and result in a higher concentration of CO2 to be trapped below 
the siltstone (Figure 1b) demonstrating the importance of using realistic relative permeability and 
capillary pressure input parameters for heterogeneous rock types.  
 
 
 
 
 
 
Figure 1. CO2 gas saturation (SG;top) and mass fraction of dissolved CO2 (xCO2aq;bottom) 30 years after start of 
injection. 100 m sandstone with a 10 m siltstone layer (a) Same generic relative permeability and capillary pressure 
input data   used for both sandstone and siltstone; (b) Material-specific input parameters used in each material. 10x 
vertical exaggeration. 
Refinement of the siltstone layer from a single cell thickness (dz) of 10 m (Figure 2a) to 20 cells at a 
dz of 0.5 m (Figure 2b) results in a lower amount of supercritical CO2 entering the siltstone due to better 
resolution of the capillary pressures between the two rock types. Heterogeneities are often represented in 
models within a single grid layer or cell, and the results of this study show that significant numerical 
dispersion can occur. Grid refinement of the entire system is shown in Figure 2c. Fine-grid models are 
better able to resolve the process of buoyancy flow, showing a higher concentration and radial extent of 
CO2 below the siltstone [7].   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. CO2 gas saturation (SG; top) and mass fraction of dissolved CO2 (xCO2aq; bottom) 30 years after the start 
of injection. (a) dz of silt is 10 m (1 cell). 10 cell layers in the sandstone unit with dz between 11 and 7.2 m, refining 
upwards; (b) dz of siltstone is 0.5 m (20 cell layers). dz of sandstone same as (a); (c) dz of siltstone  is 0.5 m. 24 Cell 
layers in sandstone units  with dz between 4.9 and 0.43 m. 10x vertical 
 
 
353 J. Hermanson and D. Kirste /  Procedia Earth and Planetary Science  7 ( 2013 )  350 – 353 
 
Figure 3. Total CO2 sequestered in mineral phases (SMco2;kg/m3) 30 years after the start of injection. Positive 
numbers indicate precipitation and negative numbers indicate dissolution. (a) SMco2 from Figure 1a; (b) SMco2 
from Figure 1b and 2a.; (c) SMco2 from Figure 2b. 10x vertical exaggeration. 
 
The concentration and spatial distribution of CO2 will affect the distribution of pH and extent of gas-
water-rock interactions (Figure 3). Dissolution of calcite and aluminosilicates, such as chlorite and 
feldspar, will occur in areas of low pH, resulting in a release of cations and pH buffering. Neutralization 
of carbonic acid results in bicarbonate enrichment and possible precipitation of carbonates if divalent 
cations are released during dissolution reactions.  The total CO2 sequestered in mineral phases (SMco2) 
using generic input parameters is less than that calculated using material-specific data (Figure 3). CO2 is 
less mobile and does not migrate far past the siltstone layer in Figure 3b, so carbonate mineral dissolution 
does not occur in the upper sandstone. Divalent cations and bicarbonate become more concentrated under 
the siltstone due to a higher concentration of CO2, which promotes more extensive reaction. Refinement 
of the siltstone (Figure 3c) results in a lower concentration of CO2 entering, leading to a less extensive, 
but highly concentrated area in the siltstone where trapping takes place.  
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